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Abstract
The electromotive force measurement method was employed to determine the thermodynamic properties of liquid Ag-Bi-Cu-
Sn alloys using solid electrolyte galvanic cells as shown below:
Kanthal+Re, Ag-Bi-Cu-Sn, SnO2 | Yttria Stabilized Zirconia | air, Pt, 
Experiments were made within temperature interval: 950 – 1300K along four composition paths of constant ratios: XAg :
XBi : XCu = 1, XAg : (XBi + XCu )  = 3:2 for XBi = XCu ,  XBi : (XAg + XCu) =  3:2 for XAg = XCu and XCu : (XAg + XBi) = 3:2 for
XAg = XBi and tin concentration changing from 0.1 to 0.9 mole fractions, every 0.1. Almost all the results were approximated
by straight line equations: EMF vs T, and tin activities were then calculated in arbitrary temperature; measurement results
were presented by graphs. Unusual activity plot for XBi : (XAg + XCu) =  3:2 composition path was most probably caused by
miscibility gap detected earlier in Bi-Cu-Sn ternary liquid alloys.
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1. Introduction
Over  the  past  years  attention,  was  paid  to  the
determination  of  thermodynamics  and  phase
equilibria in systems based on silver, bismuth, copper
and  tin.  Alloys  based  on  those  components  are
considered  among others as possible materials for the
lead-free solders [1-5]. Systematic experimental and
theoretical  studies  of  thermodynamic  properties
[e.g.,6-14]  ,  made  by  the  various  research  centers
partially  coordinated  by  the  European  actions
COST531  [15]  and  MP609  [16]  led  to  the
development  of  complete  thermodynamics
descriptions of the binary and ternary systems based
on those elements [e.g.,17-21].  Phase boundaries and
chemical  composition  of  quaternary  Ag-Bi-Cu-Sn
system  were  investigated  by  Doi  at  all  [22]  using
differential  scanning  calorimetry  (DSC),  optical
microscope  and  a  scanning  electronic  microscope
(TEM)    while  the  chemical  compositions  were
determined by energy dispersive X-ray microanalyzer
(EDX).  The  detailed  knowledge  of  the  phase
equilibria in this quaternary system is essential for  at
least two reasons one to make an efficient alloy design
easier and the second to understand and predict the
interactions in different conditions between Ag-Bi-Sn
solder    and  copper,  which  is  frequently  used  as
substrate in the electronics industry.     
2. Experimental
Details  of  both  experimental  equipment  and
procedure  were  described  in  our  earlier  paper
[6,9,10]. 
Silver-bismuth-copper-tin  alloys  were  prepared
from  pure  metals  (Ag,  Bi  and  Sn  99.99%,  Cu
99.999%)  by  direct  melting  in  the  electrolyte  tube
with  SnO2 (99.99%)  pellet.  Sample  compositions
were changed along four paths of constant ration: XAg
: XBi : XCu = 1, XAg : (XBi + XCu )  = 3:2 for XBi = XCu,
XBi : (XAg + XCu) =  3:2 for XAg = XCu and XCu : (XAg +
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Figure 1. Measured alloy compositions in quaternary Ag-
Bi–Cu–Sn.G. Garzel et al. / JMM  50 (2) B (2014) 145 - 148 
XBi) = 3:2 for XAg = XBi and tin concentration changing
from  0.1  to  0.9  mole  fractions,  every  0.1,  Fig.1,
resulting in 24 different alloy compositions. Control
of composition samples was made by EDS at least
once for each path.
An  inert  atmosphere  was  maintained  inside  the
cell  by  passing  5  ml/min  argon  gas  of  quality  5.0
(Linde,  Poland)  through  the  H-tube.  Passing  gas
through the H-tube allowed a penetration by inert gas
into the electrolyte tube without disturbing the local
equilibrium over the sample. 
The  reversibility  of  the  cell  was  checked  by
passing  small  current  from  an  external  source;  the
e.m.f. returned to the original value within ﾱ1mV in
about 1-10 min depending on the temperature. The
e.m.f. readings were taken in both heating and cooling
mode within the range 950-1300K producing almost
the  same  e.m.f.  values  within  recorded  scatter  of
points. The full run was completed after about 3-4
days.
3. Results
In order to determine tin activities in liquid Ag-Bi-
Cu-Sn alloys the e.m.f. of the cell (I):
Kanthal+Re,  Ag-Bi-Cu-Sn,  SnO2 |  Yttria
Stabilized Zirconia | air, Pt,                    (I) 
was  measured  in  the  temperature  range  and  alloy
compositions mentioned above.
During the work of the cell the following reaction
take place:
a) at reference electrode:
O2(g)+ 4e− = 2[O−2]                                        (1)
b) at alloy electrode:
Sn(l) + 2[O−2] = 4e− + SnO2(s) (2)
where Sn(l), e−, O2(g) and [O-2] denote: tin in a
metallic liquid solution, electron, pure oxygen gas and
oxygen ion, respectively.
Consequently, the overall cell (I) reaction is:
Sn(l) + O2(g) = SnO2(s)                                   (3)
For the reversible reaction (3) the change in Gibbs
free energy can be derived as follows:
(4)
If tin is in its pure, liquid state (XSn = 1) equation
(4) takes the form:
(5)
Then,  from  equation  (5)  the  Gibbs  energy  of
formation of the solid SnO2, for reaction Sn(l)+O2(g)
= SnO2(s), can be determined from measured  as a
function  of  temperature.  Next,  by  combining
equations (4) and (5) the following expression for the
activity of tin in the Ag-Bi-Cu-Sn liquid alloy can be
derived, as below: 
(6)
where F is the Faraday constant, T is the absolute
temperature, and R is the gas constant.
All  emf  values  were  corrected  for  Pt-Kanthal
thermoelectric  power  derived  in  the  separate
experiments: Ep= -0.236363-5.45794 ﾷ10-4T+8.31592
ﾷ10-6T2 [mV]. Rhenium tip was small enough to fit the
constant  temperature  zone,  so  the  respective
thermoelectric  correction  was  not  taken  into
consideration.
The results of temperature dependence of e.m.f. E0
obtained for pure tin were determined in one of our
previous  works  [10];  they  can  be  presented  in  the
form:
E0(V) = 1.478 (ﾱ 0.002) - 0.5553 (ﾱ 0.0013) ﾷT  (7)
Combining (5) and (7), the Gibbs free energy of
formation of solid SnO2 in reaction:
Sn(l) + O2(g) = SnO2(s)                                     (8)
from liquid tin and gaseous oxygen is given by the
expression:
(9)
Linear dependence of e.m.f. on temperature was
observed for all alloy compositions and parameters of
equations: E = a + bﾷT obtained by the least square fit
of e.m.f. data are listed for all measured cross section
in Tables 1 – 4; and the example of the e.m.f. versus T
plot for the path XAg : XBi : XCu = 1 is shown in Figure 2.
Since the statistical scatter of the e.m.f vs T plots
is  very  small  it  was  assumed  that  e.m.f  values
calculated  via  linear  equations  of Tables  1  -  4  are
equal to those measured within an experimental error,
relation  (6)  was  used  to  derive  activity  data  at  the
arbitrary temperature 1273K; plots of tin activity vs
tin  content  for  composition  path  order  mentioned
above are presented in Figure 3.
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Figure 2. E.m.f vs. temperature plots for cross-section XAg :
XBi : XCu = 1Table 1.Corrected  e.m.f.  versus  temperature  line
coefficients for different tin concentration in Ag-Bi-
Cu-Sn  liquid  alloys  for  cross-section
X(Ag)/[X(Bi)+X(Cu)]=3/2. 
Table 2.Corrected  e.m.f.  versus  temperature  line
coefficients for different tin concentration in Ag-Bi-
Cu-Sn  liquid  alloys  for  cross-section
X(Bi)/[X(Ag)+X(Cu)]=3/2
Table 3.Corrected  e.m.f.  versus  temperature  line
coefficients for different tin concentration in Ag-Bi-
Cu-Sn  liquid  alloys  for  cross-section
X(Cu)/[X(Ag)+X(Bi)]=3/2.
Table 4.Corrected  e.m.f.  versus  temperature  line
coefficients for different tin concentration in Ag-Bi-
Cu-Sn  liquid  alloys  for  cross-section
X(Ag)=X(Bi)=X(Cu)
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XSn
E= a(ﾱʔa)+ b(ﾱʔb)ﾷT ,V
a(ﾱʔa) b(ﾱʔb)
0.1 1.4450 (ﾱ0.0174) -6.05E-04 (ﾱ0.14E-04)
0.3 1.4918 (ﾱ0.0168) -6.03E-04 (ﾱ0.14E-04)
0.5 1.4953 (ﾱ0.0231) -5.87E-04 (ﾱ0.19E-04)
0.7 1.4907 (ﾱ0.0156) -5.73E-04 (ﾱ0.13E-04)
0.9 1.4784 (ﾱ0.0215) -5.59E-04 (ﾱ0.18E-04)
XSn
E= a(ﾱʔa)+ b(ﾱʔb)ﾷT ,V
a(ﾱʔa) b(ﾱʔb)
0.1 1.3433 (ﾱ0.0274) -4.87E-04 (ﾱ0.25E-04)
0.2 1.4330 (ﾱ0.0088) -5.56E-04 (ﾱ0.07E-04)
0.4 1.3908 (ﾱ0.0151) -4.95E-04 (ﾱ0.12E-04)
0.6 1.3696 (ﾱ0.0300) -4.69E-04 (ﾱ0.25E-04)
0.8 1.4538 (ﾱ0.0580) -5.43E-04 (ﾱ0.48E-04)
XSn
E= a(ﾱʔa)+ b(ﾱʔb)ﾷT ,V
a(ﾱʔa) b(ﾱʔb)
0.1 1.3447 (ﾱ0.0185) -5.24E-04 (ﾱ0.15E-04)
0.3 1.4588 (ﾱ0.0036) -5.78E-04 (ﾱ0.03E-04)
0.5 1.4965 (ﾱ0.0080) -5.88E-04 (ﾱ0.06E-04)
0.7 1.4693 (ﾱ0.0200) -5.59E-04 (ﾱ0.16E-04)
0.9 1.4812 (ﾱ0.0136) -5.61E-04 (ﾱ0.11E-04)
XSn
E= a(ﾱʔa)+ b(ﾱʔb)ﾷT ,V
a(ﾱʔa) b(ﾱʔb)
0.1 1.4645 (ﾱ0.0033) -6.22E-04 (ﾱ0.03E-04)
0.2 1.4536 (ﾱ0.0103) -5.92E-04 (ﾱ0.09E-04)
0.3 1.4119 (ﾱ0.0179) -5.47E-04 (ﾱ0.15E-04)
0.4 1.4777 (ﾱ0.0023) -5.79E-04 (ﾱ0.01E-04)
0.5 1.4842 (ﾱ0.0023) -5.78E-04 (ﾱ0.02E-04)
0.6 1.4828 (ﾱ0.0030) -5.71E-04 (ﾱ0.02E-04)
0.7 1.4834 (ﾱ0.0024) -5.68E-04 (ﾱ0.02E-04)
0.8 1.4821 (ﾱ0.0026) -5.63E-04 (ﾱ0.02E-04)
0.9 1.4767 (ﾱ0.0076) -5.56E-04 (ﾱ0.06E-04)
Figure 3. Tin activity curve calculated at 1273K for a) XAg
: (XBi + XCu ) = 3:2  b) XAg : XBi : XCu = 1 c) XBi :
(XAg + XCu) =  3:2 5. Conclusions
Tin  activities  in  the  liquid  Ag-Bi-Cu-Sn  alloys
were  determined  for  the  first  time  by  emf  method
using  solid  electrolyte  galvanic  cells.  Linear
dependence of emf on temperature was observed in all
24 compositions investigated.  
Activity versus composition plots as shown in Fig.
3 displays slightly negative   deviation from Raoult’s
rule for lower tin contents, whereas for higher ones
deviation is slightly posiive. Unusual activity plot for
XBi : (XAg +XCu) =  3:2 composition path was most
probably caused by miscibility detected in Bi-Cu-Sn
ternary liquid alloys [22].
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Figure 3. Tin activity curve calculated at 1273K for  d) XCu
: (XAg + XBi) = 3:2